Early pathological manifestations of Crohn's disease (CD) include vascular disruption, T cell infiltration of nerve plexi, neuronal degeneration, and induction of T helper 1 cytokine responses. This study demonstrates that disruption of the enteric glial cell network in CD patients represents another early pathological feature that may be modeled after CD8 ؉ T cell-mediated autoimmune targeting of enteric glia in double transgenic mice. Mice expressing a viral neoself antigen in astrocytes and enteric glia were crossed with specific T cell receptor transgenic mice, resulting in apoptotic depletion of enteric glia to levels comparable in CD patients. Intestinal and mesenteric T cell infiltration, vasculitis, T helper 1 cytokine production, and fulminant bowel inflammation were characteristic hallmarks of disease progression. Immune-mediated damage to enteric glia therefore may participate in the initiation and͞or the progression of human inflammatory bowel disease.
A strocytes represent the most abundant glial cells of the central nervous system (CNS). Their primary role is to provide metabolic, trophic, and protective support for neurons, in addition to axonal guidance during development (1, 2) . They also play a major role in maintaining the blood-brain barrier (2) (3) (4) and have the potential to participate in inflammatory and antigen-specific immune responses. Indeed, they produce chemokines (5) , as well as proinflammatory and regulatory cytokines (1, 2, 6, 7) . Moreover, astrocytes express MHC class I molecules and can be induced to express class II molecules, as well as CD80 and CD86 costimulatory molecules both in vitro and in vivo (8, 9) . As a result, they can process and present self or foreign antigens to naive or effector CD4 ϩ or CD8 ϩ T cells in vitro (9) (10) (11) (12) and therefore may contribute to the initiation and͞or spread of autoimmune responses in vivo (13) .
Enteric glial cells share anatomical, structural, and electrophysiological properties with astrocytes (14) (15) (16) (17) . They therefore appear to represent the glial cell counterpart of astrocytes in the enteric nervous system. It also has been suggested that enteric glia participate in intestinal immune responses, but direct evidence is lacking (18, 19) . Information is still scarce regarding the physiological functions of these cells and their potential role in disease development.
A recent report has shown that genetic ablation of enteric glia results in a lethal gut pathology associated with disruption of mucosal integrity, hemorrhagic necrosis, and inflammation (20, 21) . To examine whether disruption of the enteric glial cell network may result as a consequence of autoimmune-mediated targeting of this cell type in the gastrointestinal tract, we generated a double transgenic mouse model in which a viral (neoself) antigen is specifically expressed in astrocytes and enteric glia, and in which most CD8 ϩ T cells are specific for the neoself antigen. These mice rapidly display a disruption of the mucosal integrity and submucosal vascular lesions, which subsequently develops into a fulminant enterocolitis. Because these lesions are reminiscent of some pathological features of Crohn's disease (CD), a human inflammatory bowel disease (IBD) of unknown etiology, we hypothesized that a disruption of enteric glial cell populations could contribute to the pathophysiology of CD. The present study shows that enteric glial cell populations are similarly disrupted in CD, before the onset of intestinal inflammation, suggesting that this defect may contribute to the onset and͞or perpetuation of intestinal inflammation.
Materials and Methods
Glial Fibrillary Acidic Protein (GFAP)-Hemagglutinin (HA) Gene Construct. We used the GFAP promoter and enhancer to direct the expression of the influenza virus A͞PR8͞34 HA to CNS astrocytes and enteric glial cells (20) (21) (22) (23) (Fig. 1a) . The LacZ gene was excised from pGfa2-Lac1 plasmid (22) by BamHI digestion and replaced by a 1.7-kb BamHI fragment containing HA sequences. The GFAP-HA gene construct (4.4 kb) was isolated from vector sequences through BglII digestion and microinjected into the male pronucleus of fertilized (DBA2 ϫ C57Bl͞6)F 2 eggs at Service d'Expérimentation Animale et de Transgénèse (Villejuif, France).
Mice. Tail DNA from the GFAP-HA offspring was screened either by Southern blot analysis of BamHI-digested samples using a 1.7-kb HA probe or by PCR amplification (HA1 forward primer: 5Ј-GTGAGATCATGGTCCTACATT-3Ј; HA2 reverse primer: 5Ј-TCCTGACGTATTTTGGGCACT-3Ј). Three of six founders transmitted the transgene and showed mRNA expression of HA in the CNS. All experimental animals used in this study originated from line 21, backcrossed at least five times onto the BALB͞c background. CL4-TCR transgenic mice express a HA512-520-specific, K d -restricted T cell antigen receptor (TCR) on 90-96% of their mature CD8 ϩ T cells (24, 25) . Identification of the CL4-TCR transgenic mice was made by PCR (forward primer: 5Ј-GCAGGGCTGAAAGAACAGCAA-3Ј; reverse primer: 5Ј GCT-TCCTCCAGAATTTGAGGC-3Ј). The CL4-TCR transgenic line was backcrossed at least six times onto the BALB͞c background. ) mice were purchased from IFFA-CREDO (Larbresle, France). For depletion of CD8 ϩ T cells (GFAP-HA ϫ CL4)F 1 double transgenic mice were injected i.p. with 50 g of a rat anti-mouse CD8 mAb (YTS 169, kindly provided by H. Waldmann, University of Oxford, Oxford, U.K.) or purified rat IgG (Sigma) at postnatal days 2, 4, and 6. All animal experiments were performed in accordance with the National Institutes of Health Guidelines and had local committe approval (Pitié-Salpêtrière University Hospital).
RNA Analyses. For Northern blot analysis, 60 g of glyoxal-treated total RNA (RNAzol B; Bioprobe International, Richmond, CA) was separated by agarose gel electrophoresis and transferred onto nylon membrane (Amersham Pharmacia). Blots were hybridized with [␥-32 P]dCTP-labeled HA probe for 15 h at 42°C in 50% formamide, 0.5% SDS, 5 ϫ SSC, and 5 ϫ Denhart's solution, washed under high stringency (four times for 20 min at 62°C in 0.1 ϫ SSC, 0.5% SDS) and analyzed by autoradiography. Uniform RNA loading was confirmed by using a mouse ␤-actin probe. Quantitative reverse transcriptase-PCR (RT-PCR) analysis of cytokine gene expression was performed as described (26) . Oligo(dT)-primed cDNA was amplified with 50 pmol of primer for 30 cycles. Primer sets specific to HA1, HA2, mouse ␤-actin (CLONTECH), IL-2, IL-4, IL-10, and IFN-␥ were used. PCR results were expressed as the median numbers of cytokine cDNA molecules per 10 2 molecules of ␤-actin.
Histology and Immunohistochemistry. Standard paraffin hematoxylin͞eosin-stained sections were used for histopathology. Immunohistochemistry was performed with the biotin͞avidin system using anti-CD3 (CD3-12, Serotec); anti-CD45 (30-F11, PharMingen); anti-GFAP monoclonal (G-A-5, Roche Molecular Biochemicals) or polyclonal (Z334, Dako), anti-S-100 (Dako), or PGP9.5 (Biogenesis, Bournemouth, U.K.) antibodies. Frozen sections were used for HA and CD8 immunohistochemistry by using R46␣PR8 (kindly provided by N. Escriou, Pasteur Institute, Paris) and clone 53-6.7 (PharMingen) antibodies, respectively. Double immunohistochemistry was performed for CD3 and GFAP by using diaminobenzidine (brown) and 3-amino-9-ethylcarbazol (red) as substrates, respectively. For quantitative determination, the total number and apoptotic enteric glia were measured as described (27) . GFAP ϩ enteric glial cells were counted in three jejunal cross sections per animal. Counts were performed separately in myenteric and submucosal plexi.
Patients. The 95 patients enrolled in the study gave their informed consent and the study was approved by the local ethical committee. The diagnosis of CD and ulcerative colitis (UC) was established by using usual criteria (26) . Healthy and involved ileal and colonic biopsies were taken from 43 patients with CD (26 female͞17 male; mean age 35 years; range 18 to 54 years). Biopsies were taken either during endoscopy (n ϭ 14) or surgery (n ϭ 29). The mean duration of CD was 8.5 years. Surgery in patients with CD was performed because of disease-related complications, i.e., symptomatic stenosis (25 cases) and fistula (four cases). No patients with CD received immunosuppressive therapy, five with an active disease were treated with steroids and six by 5-ASA. Twenty-eight patients with CD were not treated at the time of study. Healthy and involved colonic biopsies also were taken from 23 patients with UC (14 female͞nine male; mean age 36 years; range 21 to 64 years) during endoscopy (n ϭ 14) or surgery (n ϭ 9). The mean duration of UC was 10.4 years. The nine patients with UC underwent surgery because of disease resistance to steroids (n ϭ 7) or cyclosporin (n ϭ 2). The 14 other patients with UC had a quiescent disease and were not treated, except for five patients receiving 5-ASA. As controls, healthy ileal or colonic biopsies were taken from 29 patients suffering from irritable bowel syndrome (n ϭ 13, eight female͞five male; mean age 51 years; range 28 to 63 years), sigmoiditis (n ϭ 4, four male; mean age 62 years; range 48 to 72 years), and cancer of the right colon (n ϭ 12, 12 male; mean age 64 years; range 55 to 74 years). Tissue GFAP levels (ng͞mg protein) were measured in a blinded fashion in patient and transgenic mouse gut tissues by Western blot analysis and ELISA as described (20, 21) .
Results

Expression of Influenza Virus HA in the CNS and Enteric Nervous
System of GFAP-HA Transgenic Mice. Founder GFAP-HA mice were tested for successful integration of the full-length HA transgene (Fig. 1a) by Southern blot analysis of tail DNA. Line 21 showed the highest expression of HA and was selected for further study. Southern blot analyses of genomic DNA showed that an estimated 20 copies of the transgene were integrated at a single chromosomal site and were stably transmitted (Fig. 1b) . Northern blot analysis of transgene expression in multiple tissues (brain, spinal cord, thymus, liver, small bowel, heart) from adult mice showed restricted expression in brain and spinal cord only (Fig. 1c) . However, using RT-PCR, HA expression was detected in small and large intestine of transgenic mice. No detectable expression was recorded in other peripheral tissues, including relevant sites for tolerance induction e.g., thymus (Fig. 1d ) and spleen. Evidence that HA protein was expressed in transgenic animals was provided by immunohistochemistry, restricted to a subpopulation of CNS astrocytes (Fig. 1e) and glia within the enteric nervous system (Fig. 1e) . No expression was found in other components of the peripheral nervous system.
Single GFAP-HA transgenic mice survived for more than 1 year, bred normally, and showed no clinical or pathological abnormalities as a consequence of expression of the viral neoself antigen. No signs of inflammation were observed at sites of HA expression such as the brain, spinal cord, or gut from pups or adult (up to 12 months of age) mice (see Fig. 3 and data not shown). Thus, GFAP-HA transgenic mice appeared to be functionally tolerant to glial cellexpressed HA, showing no evidence of spontaneous autoimmunity. :HA 512-520 complex. Crossing of these mice generate double transgenic animals in which the vast majority of CD8 ϩ T cells target a glial cell-specific neoself antigen. Surprisingly, although 25% of offspring were expected to be double transgenic, none were detected among 39 pups at 3 weeks of age ( Fig. 2a ; P Ͻ 0.005 2 test). At birth, however, the genotypes followed the expected Mendelian distribution ( Fig. 2a ; P ϭ 0.94). Daily examination of 30 double transgenic mice revealed that all mice died by day 8 of life, with a mean survival time of 4.5 days (Fig. 2b) .
Both male and female double transgenic mice appeared normal at birth, but rapidly exhibited growth retardation and dehydration (Fig. 2d) . No obvious paralysis or seizures were observed. Survival of 10 double transgenic mice derived under specific pathogen-free conditions (mean survival 4.4 days) was identical to conventionally raised mice, thereby excluding pathogenic bacteria and viruses as possible causes of death.
(GFAP-HA ؋ CL4-TCR)F1 Double Transgenic Mice Develop Intestinal
Vasculitis and Fulminant Jejuno-Ileo-Colitis. Extensive macroscopic analyses of vital organs (CNS, heart, lung, liver, spleen, pancreas, kidney, adrenal, and gastrointestinal tract) of double transgenic mice revealed gross pathology in gut tissues only. The jejunum, ileum, and colon were distended and macroscopically inflamed and hemorrhagic (Fig. 2e) . The gut lumen contained nonemulsified milk, which probably accounted for the failure of the mice to thrive. Inflammation and hemorrhage were patchy in the small and proximal large bowel, although ileal tissues were most severely affected with smooth muscle wall thickening, occasional ulcers, and transmural perforation (Fig. 3 b, c, and f) .
Initial pathology involved the submucosal capillaries and blood vessels, which showed vasodilation and erythrostasis (Fig. 3i) . Progression of these changes included endothelial cell hypertrophy and hyperplasia, transmigration of leukocytes, formation of intravascular microthrombi, and local edema that resulted in a loss of submucosal architecture (Fig. 3 b, c, and f) . Hemorrhage and edema initiated in the submucosa and later spread, severely disrupting the muscularis mucosae and externae and the intestinal mucosa (Fig. 3  b, c, and e) . Increased numbers of T lymphocytes, especially CD8 ϩ cells, were dispersed throughout the submucosa, and even infiltrated the muscularis externae (Fig. 4 a and e) , where they juxtaposed GFAP ϩ enteric glia (Fig. 4 c and d) . The inflammatory process also spread to the mesentery where pronounced perivascular and diffuse inflammatory infiltrates were noted (Fig. 4a) . By contrast, in littermate controls T cells were restricted to the mucosa, mainly within Peyer's patches (Fig. 4b) .
GFAP expression was prominent in enteric glia of the submucosal and myenteric plexi in control animals and was significantly reduced in double transgenic mice (Fig. 4 f and i Table 1 ). Enteric neuron numbers appeared unaffected by histology or immunostaining with PGP9.5 ( Fig. 3 h and i) . Apart from gut pathology, the only other microscopic abnormalities were focal destructive inflammatory lesions in the brains of 30% of 2-to 6-day-old animals (data not shown). injected with a depleting rat anti-CD8 mAb on days 2, 4, and 6 after birth, all mice survived for more than 2 weeks whereas control mice (n ϭ 10) receiving nonspecific rat IgG died by day 6 (Fig. 2c) . Collectively, these data show that the fatal autoimmune disease that develops in (GFAP-HA ϫ CL4-TCR)F 1 double transgenic mice is mediated by HA-specific CD8 ϩ T cells. To further investigate the phenotype of the pathogenic autore- Table 2) . IL-10 and IL-2 mRNA levels were not significantly altered. The pathology is therefore associated with a type 1 cytokine profile.
Jejuno-Ileo-Colitis in (GFAP
Enteric Glial Cell Networks Are Severely Disrupted in Involved and
Noninvolved Intestine of CD Patients. In view of the dramatic phenotype displayed after disruption of the enteric glial cell network in GFAP-HSVtk (20, 21) and (GFAP-HA ϫ CL4-TCR)F 1 double transgenic mice described above, we examined whether similar abnormalities are also apparent in human IBD. Immunohistochemistry demonstrated an extensive GFAP ϩ enteric glial cell network in human control biopsies. Although most readily detectable within the submucosal and myenteric plexi (Fig. 5A) , enteric glial cell processes also extended into the mucosa. Immunolabeling of histologically normal, noninvolved ileal and colonic samples from CD (n ϭ 7) patients were compared with control tissues from patients with no prior history of IBD (n ϭ 10). Involved tissues from the same CD (n ϭ 9) or UC (n ϭ 5) patients also were examined to assess enteric glial cell reactivity after mucosal inflammation.
Blind evaluation of GFAP ϩ immunoreactive processes in these tissues indicated that both noninvolved and involved CD specimens demonstrated a diminished enteric glial cell network as compared with control or UC patients (Fig. 5 A-C) , especially within the mucosa and submucosa. Quantitative immunohistochemical analyses using anti-S-100 antibodies, a second marker for enteric glia, correlated well with GFAP data, and also revealed significantly decreased staining in CD samples as compared with control tissues (1.52 Ϯ 0.20%, n ϭ 8 versus 3.05 Ϯ 0.68%, n ϭ 14; P ϭ 0.037, respectively). These findings were confirmed by ELISA and Western blot analysis specifically quantifying the 53-kDa form of GFAP, where significantly reduced levels of tissue GFAP were recorded in noninvolved biopsies from patients with CD (n ϭ 39), as compared with UC (n ϭ 10; P ϭ 0.0009 and P ϭ 0.024, for ELISA and Western blot respectively; Mann-Whitney U test) or controls (n ϭ 33; P Ͻ 0.0001 and P ϭ 0.0005, respectively) (Fig. 5D) . Significantly less GFAP tissue levels were also recorded in CD as compared with UC samples in inflamed samples (P ϭ 0.009 and P ϭ 0.0176 for Western blot and ELISA, respectively). In addition, the glial cell reaction in response to tissue inflammation in clinical specimens (manifested as glial cell hypertrophy and up-regulation of GFAP expression) (1) was less pronounced in inflamed specimens from patients with CD (n ϭ 23; 1.3-fold and 1.6-fold increase by Western blot and ELISA, respectively) compared with UC (n ϭ 15; 1.6-fold and 2.1-fold increase, respectively) (Fig. 5D) . Therefore, noninvolved ileal and colonic mucosa in CD patients is associated with a significantly diminished enteric glial cell network that responds poorly during inflammation when compared with UC. This disruption (45% reduction by Western blot analysis and 57% reduction by ELISA) is comparable to levels of ablation that result in a fulminant gastrointestinal inflammation in GFAP-HSVtk mice (20, 21) and (GFAP-HA ϫ CL4-TCR)F 1 double transgenic mice, ranging from a 45-62% reduction as measured by Western blot and ELISA.
Discussion
Our results define a mechanism of intestinal inflammation involving a CD8 ϩ T cell-mediated cytotoxic autoimmune response directed against enteric glia, a subpopulation of the enteric nervous system. This immune reaction leads to extensive submucosal edema and vascular inflammation, eventually giving rise to a fulminant bowel inflammation and hemorrhagic necrosis.
Enteric glial cells express high levels of GFAP (a major component of the intermediate filaments of astroglial cells) and S-100 (14) . These cells envelop enteric neuronal cell bodies and axon bundles (15) , as well as intestinal blood vessels (18, 29) , and extend into the intestinal mucosa (14, 20) . In addition to shared phenotypic features with astrocytes, they probably perform other common functions (15) (16) (17) . Normally, enteric glia constitutively express MHC class I molecules, whereas MHC class II expression is barely detectable (18, 30) . We have previously shown that naive CL4-TCR CD8 ϩ T cells proliferate rapidly in vitro in response to HA peptide-pulsed astrocytes (12) . Enteric glia may therefore directly activate naive CL4-TCR CD8 ϩ cells after homing into the intestinal submucosa. However, cross-presentation of HA by bone marrow-derived antigen-presenting cells in the mesenteric lymph nodes also could explain why the gut is predominantly affected in this double transgenic system (31) . Once primed in the intestine, CD8 ϩ T cells probably acquire the ability to cross the blood-brain barrier and interact with HA-expressing astrocytes, although CNS lesions are infrequent in double transgenic mice because of their short survival time. Thus, only the enteric glial cell network is consistently affected by this autoimmune-mediated process.
It has been shown that CNS astrocytes induce endothelial cells to form tight junctions that confer blood-brain barrier properties (3) . In vivo ablation of reactive CNS astrocytes results in pronounced interstitial edema and parenchymal infiltration with leukocytes (4). In addition, blood vessels are devoid of astrocyte endfeet and blood-brain barrier repair is severely impaired. A peripheral blood- , noninvolved UC (UC-N; n ϭ 10), and involved UC (UC-I; n ϭ 15). Ileal and colonic biopsies have been pooled because no significant differences were observed between the sites for the different groups. Significant differences (Mann-Whitney U test) from CONT are indicated as (a) included CONT vs. CD-N (P ϭ 0.0005 and P Ͻ 0.0001 for Western blot and ELISA, respectively), and CONT vs. UC-I (P ϭ 0.0045 and P ϭ 0.0064 for Western blot and ELISA, respectively). b indicates a significant difference between CD-N and CD-I (P ϭ 0.0058 and P ϭ 0.0001 for Western blot and ELISA, respectively). c indicates a significant difference between UC-N and UC-I (P ϭ 0.023 and P ϭ 0.0009 for Western blot and ELISA, respectively). Significant differences also were recorded between CD-N and UC-N (P ϭ 0.024 and P ϭ 0.0009 for Western blot and ELISA, respectively) and CD-I and UC-I (P ϭ 0.009 and P ϭ 0.0176 for Western blot and ELISA, respectively).
tissue barrier showing some similarities to the blood-brain barrier also exists in the intestine where the neuronal plexi are similarly impermeable to systemic macromolecules (32) . At this site, GFAP ϩ processes are associated with intestinal blood vessels both within the submucosa (18) and mesentery (29) . Therefore, enteric glial cells likely control the integrity and permeability of the submucosal blood vessels. This hypothesis is supported by the observation that the initial vascular lesions in our double transgenic mouse model involves vasodilatation and leakage into the submucosa. Enteric glial cell processes also extend throughout the intestinal mucosa to the villus tips, where they probably contribute to mucosal secretions as well as regulate epithelial permeability. Indeed, selective in vivo depletion of enteric glial cells leads to disruption of mucosal integrity followed by severe mucosal inflammation (20, 21) . In our model, epithelial damage could be secondary to glial cell ablation and͞or to the local production of inflammatory cytokines such as IFN-␥ (33) .
Strict control of the intestinal immune response and antigenic load is required to provide a protective local immunity without inducing immunopathology. Indeed, increased intestinal epithelial permeability of luminal antigens (34) and͞or inefficient regulation of the gut immune system (35) may lead to IBD. In most, but not all (36, 37) , current models of IBD, an uncontrolled type 1 CD4 ϩ T cell response to uncharacterized intestinal microflora antigens is responsible for induction of the pathology (35, (38) (39) (40) , although the possible contribution of autoreactive CD8 ϩ T cells recently has been underlined (41) . In the present model, a well-defined autoantigen expressed on enteric glial cells is the target of cytotoxic CD8 ϩ T cells.
The early onset and the fulminant course of the disease are reminiscent of human necrotizing enterocolitis (NEC), an inflammatory disease occurring in premature infants. The pathology of NEC is characterized by ischemic necrosis with frequent hemorrhage, extensive infiltration with neutrophils, and bacterial overgrowth. Enteric nervous system lesions in NEC are characterized by a parallel loss of neurons and glial cells in myenteric and submucosal plexi (42, 43) , initially occurring in the antimesenteric intestinal side where ischemic lesions are more likely to occur. As such, these events are different from those generated in our mouse model because this is caused by specific autoimmune targeting of enteric glia while, during the study period, enteric neurons remain relatively unaffected.
In humans, pathogenic autoimmune reactions directed toward the enteric nervous system may represent a primary cause of Chagas disease-associated and paraneoplastic intestinal pseudoobstruction. However, in these conditions, the main cellular targets are enteric neurons. Although autoantibodies against enteric neurons have been detected, the involvement of autoreactive T cells is highly probable as shown for other paraneoplastic neurological diseases (44, 45) . In CD, it has long been known that submucosal and transmural inflammation is associated with lesions of the enteric nervous system (19), although it is not known whether enteric glial cells play a role in the pathogenesis. In the present study, a disruption of enteric glial cells was found only in CD and not in UC. Ablation studies in transgenic mice now suggest that an abnormal enteric glial cell network in healthy intestinal tissues of patients with CD may contribute toward the onset of pathology and inflammation via disruption of intestinal barrier function and͞or dysregulation of submucosal vascular function. The expression of MHC class I and class II molecules by enteric glial cells (18, 30) , their close colocalization with infiltrating T cells (18) , and the presence of classical granulomas in the submucosal and myenteric plexi in otherwise uninvolved areas (18, 46) suggest a possible role for this cell type in the propagation of CD. The ability of enteric glia to regulate submucosal vascular function is clearly relevant to CD as inflammatory microvasculature injury is an early and prominent feature of clinical specimens (47, 48) . In light of these observations, the striking decrease in GFAP immunoreactive processes specifically in CD gut samples may even suggest that enteric glia are specifically targeted by immune or nonimmune (e.g., viral) mechanisms.
